Displacement sensors based on laser or optical fiber technology are recognized for their capacity for non-contact distance measurement based on reflection from an object, but with limited measurement distance and resolution. The other option could be light wave interferometer built with the mirrors on the object. However, long distance measurement requires large laser source with stabilized-wavelength . This report presents another solution: a non-contact grating interferometer displacement sensor that enables pico-meter resolution with a semiconductor laser source. Tamiya, Taniguchi, Yamazaki and Aoyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) the optical path lengths of the objective light and reference light. The proposed grating interferometer displacement sensor enables pico-meter resolution with a semiconductor laser light source. The results of verification tests and measurements regarding the long-term stability, noise, interpolation error, and linearity of the proposed device are presented. The performance of this displacement meter at pico-meter resolution is confirmed, and its suitability for application in mirror profile measurements such as those for highly accurate mirrors or wafers is discussed.
Introduction
For a target on a stage during semiconductor production and equipment inspection, height control and distance measurement are commonly employed, in addition to position control on the XY-stage surface. Consequently, demand for a displacement sensor with high accuracy and resolution, together with stability against variations in temperature, pressure, and humidity, have increased. Many types of displacement meter have been introduced to provide non-contact measurement of the distance between the meter and target. Non-contact displacement sensors are classified into four types: optical, capacity, electromagnetic induction, and magnetic sensors. Further, there are broadly four categories of optical-type displacement sensor (Figure 1) .
Especially, so-called "laser displacement meter" is widely recognized as the non-contact distance measurement by reflection light from a target based on triangulation. The reflection light from a target enters the position sensitive detector (PSD) then the displacement of a target is measured as the variation of the spot on the PSD by the movement of a target. However, higher resolution limits measurable distance so that laser displacement sensors had not been able to achieve high resolution.
White light interferometer with the optical fiber does exist and could achieve higher resolution in the short distance but range of the measurement remains narrow.
Another solution is a focus type displacement sensor which gathers the laser beam onto a target through an object lens, making astigmatism into the reflected light from a target, then detect displacement by the variation of dot image created on the 4 division photo diode. This focus type displacement sensor cannot achieve high speed detection due to the delay by focusing. Moreover, surface roughness of a target could lead large measurement errors make high accuracy measurement difficult.
The Michelson interferometer with the mirror onto the target would be another option but continuous compensation must be applied for a long distance measurement in order to reduce environmental effects to the light path difference between the reference light and objective light. This paper presents a different solution: a non-contact grating interferometer displacement sensor that does not change
Principle of pico-meter resolution, displacement meter with grating interferometer method
Grating interferometer detects a displacement from the interference signal between the reference light and objective light, same as the general optical wave interferometer. Meanwhile, grating interferometer method can keep the length of optical path in reference light identical to the length in objective light.
The setup is shown in Figure 2 . The objective light enters the hologram grating for diffraction. The phase of the grating changes with the target displacement, because the spot on the grating shifts according to the target movement while the optical pass length remains constant. The phase shift at the grating is included in the phase of the diffracted light. Systems, and Manufacturing, Vol.12, No.5 (2018) In case of the grating interferometer in Figure 2 , polarized beam splitter (PBS) divides the light to two beams, the left one as reference light and the right for the objective light towards the target mirror. The objective light moves on the grating by 2x in response to movement of the target by x. The light diffracted at the grating repeats to enter toward the target for reflection, returns to the same path via a mirror, re-enters toward the target once more, and then returns to the PBS along the same optical path. In this process, the first diffracted light is multiplied by the phase of 2Kx, where K = 2π/d and d is the grating pitch. K represents the grating vector; thus, decreasing of d yields higher resolution. The objective light is diffracted twice at the grating, yielding phase shifts of 4Kx. The length of the optical paths in reference and objective light can remain constant even after large variation of x, because the optical path length of the objective light does not change after target motion in the detecting direction when the grating diffraction vector is set orthogonal to the target surface. The phase of the reference light on the left side does not change, because it is reflected by the fixed reference mirror. The interference intensity between these two lights (left: reference, right: object) through the PBS can be described using the following formula.
Note that Eq. (1) does not contain a term for time oscillation, because the left and right lights are emitted from the same light source. Here, k represents the wavenumber of the detection light, which is expressed as k = 2π/λ, and φ is the phase shift independent of d, which is calculated from the optical path difference between the two beams divided by the light wavelength. In this equation, the cosine phase term represents the phase element, which is expressed as 4Kx. Equation (1) indicates that movement of the target by 1d yields reversion of the interference signal by four times. Consequently, this grating interferometer can divide one signal pitch into 1/4 of d, allowing very fine resolution to be achieved through the high-density hologram grating.
Non-contact displacement meter consists of 550 nm hologram grating as grating interferometer, which enables 138 nm interference signal for 8.4 pm resolution after 16384 divisions by electronics in Figure 4 .
In this method, deviation in wavelength of light source results to negligible error, because the difference between reference light and objective light through the polarized beam splitter can be minimized. Grating interferometer method can also tolerate variance in diffraction angle due to deviation in wavelength. In other words, a change in ambient temperature, pressure or humidity does not affect the performance of grating interferometer. Systems, and Manufacturing, Vol.12, No.5 (2018) Figure 5 shows the measurement system configuration. Non-contact displacement meter and the mirror made from quartz glass vapour-deposited with gold as a target were fixed onto the block then displacements were measured for 2 seconds to verify noise performance of the displacement meter. Fixing block was made by Invar in order to reduce drift from heat. Temperature control box kept temperature inside within 20 ± 0.05 degree C.
Measurement results

Noise
In this set-up, the light source of semiconductor laser had 1.8 mW power at 790 nm wavelength. Signal was interpolated by 16384 divisions to reach the minimum resolution at 8.4 pm, with sampling frequency at 20 kHz after aliasing filter of 6 kHz.
The measurement results confirmed ±3σ of ± 96.6 pm noise for 2 second time range, as show in Figure 6 .
Stability
The long-term stability for 2 h per 1 sec sampling was measured on the setup shown in Figure 5 . In this measurement, signal was interpolated by 2000 divisions with the minimum resolution at 69 pm, where temperature was kept at 20 ± 0.05 °C with no control over the pressure as well as humidity.
The measurement results confirmed that the displacement meter can retain stability of ± 1.5 nm for 2 h, ± 3σ, under pressure and humidity variations of 1 hPa and 1 %, respectively, as shown in Figures 7-9 . Tamiya, Taniguchi, Yamazaki and Aoyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 
Interpolation error
For the measurement of interpolation error, Michelson Interferometers with HeNe laser were set at the both sides of piezo (PZT) stage as a reference in Figure 10 .
Interference signal with signal pitch of 53 nm becomes 3.2 pm resolution after 16384 division through the interpolation circuit. Displacement meter locates the center of the line between two interferometers. Mirror moves on the piezo stage as a target. Sampling frequency at 20 kHz after aliasing filter of 6 kHz. Moving speed of the stage is 1 m/s, where temperature is kept at 20 ±3 °C with no control over the pressure as well as humidity. The results of the measurement contains interpolation errors from interferometer as interference signal at 53 nm signal pitch, and interpolation error from non-contact displacement meter as interference signal at 138 nm pitch.
The results achieved interpolation error of ±38 pm for ±3σ in the 138 nm range as shown in Figure 12 . Figure 13 shows the measurement setup for linearity, with target mirror on the air stage with Laserscale BS78 (signal pitch at 138 nm) as the reference to measure accuracy within 8.5 mm range, secured at the same axis as the detection point of displacement meter. Interpolation circuit applies interpolation of 2048 division both for the measurement and the target, with the resolution of 67.4 pm by the reference Laserscale as well as by non-contact displacement meter. Sampling frequency is 500 Hz, moving speed of the stage is 1 mm/s, and ambient temperature is kept at 20 ± 3 °C with no control over the pressure as well as humidity.
Linearity
The displacement meter has achieved linearity of ±4.85 nm for ± 3σ in 8.5 mm range as shown in Figure15. Repeatability of 8 strokes over 0.75 mm range resulted ± 0.5 nm as shown in Figure 16 . Tamiya, Taniguchi, Yamazaki and Aoyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 
Angular tolerance
Non-contact displacement meters should allow wide angular tolerance, because wider tolerance enables measurements of various types of samples. Figure 17 shows the axis the target mirror was rotated by the rotary stage of the air bearing. Figure 18 shows the change in the output signal due to angle variation of the target mirror. The angular tolerance can be kept at ± 4 mrad when the interference signal amplitude dropped by 20%.
Figures 19 and 20 present the measurement error results corresponding to angle variation of the target mirror. The measured values (red lines) agree with simulated data (blue lines), at ± 5 nm for 200 rad. Tamiya, Taniguchi, Yamazaki and Aoyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 
Conclusion
This paper verified the performance and capability of a non-contact grating interferometer displacement sensor in terms of noise, long-term stability, interpolation error, linearity, repeatability, angular tolerance, and measurement error due to angle variation of the target mirror. The performance results are summarized in Table 1 .
The non-contact grating interferometer displacement sensor enabled a resolution at a level challenging for existing technology, at the same time with wide measurement range.
The results of the tests and evaluations suggest that the non-contact grating interferometer displacement sensor will prove a useful device for surface measurement of high-precision plane mirrors and spherical surfaces with large curvature.
Evaluation item Results
Resolution 8.4 pm Noise ± 96.6 pm for 6kHz LPF Long-term stability ±1.5 nm for 2 hours Interpolation error ± 38 pm for 138 nm range Linearity ± 4.9 nm for 8.5 mm range Repeatability ±0.5 nm Angular tolerance ±4 mrad Measurement error due to angle variation of target mirror ±5nm for 200rad
